Glycine-assisted sol-gel-synthesized multiple-doped spinels, LiM 0.25 Ni 0.25 Mn 1.5 O 4 ͑M = Cr, Fe, and Co͒ have been studied as 5 V cathode materials. The sol-gel technique provides homogeneity, high purity, lower processing temperature, controlled particle size, and morphology. The synthesized samples were subjected to physical characterization studies, viz., thermogravimetric and differential thermal analysis, X-ray diffraction, scanning electron microscopy, X-ray photoelectron spectroscopy, and electrochemical charge-discharge studies. Galvanostatic charge-discharge studies of the samples reveal that LiFe 0.25 Ni 0.25 Mn 1.5 O 4 using glycine as a chelating agent delivers a stable capacity of 120 mAh g −1 even after 20 cycles when cycled between 3 and 5 V. Material innovation and systematic research paved the way for the development of transition metal oxides, viz., LiCoO 2 , LiNiO 2 , and LiMn 2 O 4 as cathode materials for rechargeable lithium batteries. Furthermore, replacement of LiCoO 2 has been actively attempted by using less toxic manganese-based cathode materials for obtaining high-voltage cycling.
Material innovation and systematic research paved the way for the development of transition metal oxides, viz., LiCoO 2 , LiNiO 2 , and LiMn 2 O 4 as cathode materials for rechargeable lithium batteries. Furthermore, replacement of LiCoO 2 has been actively attempted by using less toxic manganese-based cathode materials for obtaining high-voltage cycling. 1 Among the three compounds, LiMn 2 O 4 is an attractive cathode material owing to its ease of synthesis, low cost, abundance, environmentally benign nature, improved safety, and good reversibility. Despite its advantages, the capacity of the pure spinel LiMn 2 O 4 upon repeated cycling diminishes at elevated temperature. 2 The capacity fade has been attributed to Jahn-Teller distortion, 3 two-phase unstable reaction, 4 slow dissolution of manganese into the electrolyte, 5 particle disruption, and lattice instability. 6, 7 In an ideal case, Jahn-Teller active Mn 3+ ions should not be present to avoid the structural and chemical instabilities by partially substituting manganese with metal cations thereby enhancing the structural stability. Ohzuku et al. 8 substituted manganese with 3d transition metals such as Co, Cr, Cu, Ni, Ti, Zn, and Fe in LiMn 2 O 4 , and the most remarkable property of these kinds of materials are their higher discharge plateaus of Ͼ4 V. The high working voltage can lead to a high power density; thus, the batteries with these materials as cathode will produce higher power output. Lee et al. 9 investigated the degradation mechanism in doped LiMn 2 O 4 . Among the different dopants, Ni 2+ ions are found to be beneficial in stabilizing the spinel structure and also make it as 5 V cathode materials as Ni 2+ /Ni 4+ transition occurs above 4.79 V. 10 However, Ni-doped LiMn 2 O 4 suffers substantial degradation in the electrochemical performance mainly due to structural and chemical instabilities resulting from the high-spin Mn 3+ ions, which is closely related with the oxygen deficiency of the spinel compound during the heat-treatment process at high temperatures. Furthermore, it has been observed that all Mn 3+ are not substituted by Ni 2+ ions, but a small fraction of Mn 3+ is usually observed in these compounds even after the heat-treatment at high temperatures. In order to restrain the formation of Mn 3+ due to oxygen deficiency at high temperatures, the researchers correlated the bond dissociation energies between transition metal ͑M͒ and oxygen ͑O͒ ions in the compound. The greater the M-O bond energies than that of Mn-O bond make the material structurally stable with enhanced electrochemical activity. This could be achieved by appropriate double doping with elements such as chromium, iron, and cobalt, which have larger bonding energy than that of Mn-O. [11] [12] [13] [14] [15] [16] Hwang et al. 17 and Tsai et al. 18 have reported better cycling performance for Co 3+ and Ni 2+ spinel LiMn 2 O 4 compared to the undoped one. Furthermore, the materials prepared by the low-temperature sol-gel method possess less impurity, small particle size with homogeneous size distribution, and controlled morphology in contrast to that by the traditional solid-state reaction. In the present investigation, the physical and electrochemical characteristics of duo doped LiM 0.25 Ni 0.25 Mn 1.5 O 4 ͑M = Fe, Cr, Co͒ are studied as a possible 5 V cathode material. Figure 1 shows the flow chart for the synthesis of spinel LiM 0.25 Ni 0.25 Mn 1.5 O 4 ͑M = Fe, Cr, Co͒ by a sol-gel method using glycine as a chelating agent. Stoichiometric amounts of high-purity nitrates of lithium, manganese, nickel with either cobalt, iron, or chromium nitrate were uniformly mixed and dissolved in tripledistilled water. The solution was stirred continuously with gentle heating, and 1 M glycine was added as a chelating agent to get a homogeneous solution. A viscous gel was obtained, and the pH was maintained between 5 and 7. The gel mass was dried in a hot air oven at 110°C. A portion of the gel precursor was characterized by thermogravimetric and differential thermal analysis ͓͑TG/DTA͒, PL Thermal Sciences instrument model STA 1500͔ to ascertain the thermal behavior. The dried mass was ground well and calcined at different temperatures, viz., 250, 400, 600, and 850°C, for 8 h in alu- mina crucibles and subjected to physical and electrochemical characterization. Powder X-ray diffraction ͑XRD͒ studies were made on a JEOL JDX-8030 X-ray diffractometer with nickel-filtered Cu K␣ radiation between scattering angles of 15 and 80°. Morphological features of the products were examined using a Hitachi S-3000 H scanning electron microscope.
Experimental
Electrochemical cell assembly.-The electrochemical cell was a typical 2016 coin cell ͑Hohsen Co., Japan͒ assembled in an argonfilled glove box ͑MBraun, Germany͒ using lithium foil as the anode, Celgard 2400 as the separator, and 1 M solution of LiPF 6 in 50:50 ͑v/v͒ mixture of ethylene carbonate ͑EC͒ and diethylene carbonate ͑DEC͒ as the electrolyte. The cathode was prepared by a slurrycoating procedure. The cathode slurry consisted of 85% of the synthesized material, 10% conducting carbon, and 5% poly vinylidiene fluoride binder dissolved in n-methyl-2-pyrrolidone. The slurry was coated over aluminum foil and vacuum dried at 110°C for 2 h. The dried coating was pressed under 10 tons load for 2 min, and blanks of 18 mm diam were punched out and used as cathode. These coin cells were used for charge-discharge cycling and also for cyclic voltammetry ͑CV͒ studies. The charge-discharge cycling studies were carried out at a constant current of C/10 rate between 3 and 5 V in a battery cycling unit. CV of LiFe 0. 25 X-ray photoelectron spectroscopy ͑XPS͒ of the synthesized powder was investigated using VG electron spectroscope. The powder sample was made as a pallet and affixed to the sample holder. All spectra were recorded using an X-ray source ͑Al K␣ radiation͒ with a scan range of 0-1200 eV binding energy. The collected highresolution XPS spectra were analyzed using an XPS peak software fitting program. The energy scale was adjusted on the carbon peak in C 1s spectra at 284.9 eV. In the case of LiFe 0.25 Ni 0.25 Mn 1.5 O 4 ͑Fig. 2b͒, two weight-loss zones are also observed. The first weight-loss zone ͑62%͒ coupled with double endothermic events observed up to 230°C can be attributed to the removal of water molecules and ammonia gas. Furthermore, the two exothermic peaks obtained around 246 and 296°C could be associated with 62% weight loss and vindicate the formation reaction of the spinel product.
Results and Discussion
TG/DTA curves of LiCo 0.25 Ni 0.25 Mn 1.5 O 4 ͑Fig. 2c͒ indicate stepwise weight-loss zones corresponding to two small exothermic peaks at 100 and 200°C corresponding to initial elimination of moisture ͑15%͒, and a sharp exothermic peak centered at 235°C followed by a shallow exothermic peak of ϳ335°C amounting to 68% weight loss are assignable to the decomposition of nitrate precursors and the formation of the spinel product. An overall reduction in the formation temperature from the pristine spinel may be attributed to the higher specific heat of the Cr, Fe, and Co precursors. ing glycine as a chelating agent calcined at 850°C. All the peak reflections perfectly match with JCPDS card no. 35-782, corresponding to the spinel compound. Spectral profiles of Cr/Ni-, Fe/Ni-, and Co/Ni-doped spinels exhibit a high degree of crystallinity and better phase purity. The peaks corresponding to ͑111͒, ͑311͒, ͑222͒, ͑400͒, ͑331͒, ͑551͒, ͑440͒, and ͑531͒ planes hold a striking similarity to that of the previous researchers. [19] [20] [21] The high-intensity peaks corresponding to the planes ͑111͒, ͑311͒, and ͑400͒ confirm the occupancy of lithium ions in tetrahedral 8a sites, and the manganese ions in 16d sites and O 2− ions in 32e sites. [22] [23] [24] Fig. 5a -c. The binding energies in the XPS spectrum located at ϳ855 eV with a satellite peak at 862 eV in Fig. 5a could be assigned to Ni 2+ . Similar observations have been reported by other researchers, and the satellite peak has been assigned due to the multiple splitting of nickel oxide energy levels. [25] [26] [27] Figure 5b represents the XPS spectra of Mn 2p. A major peak located at the binding energy of ϳ642.5 eV, which can be attributed to Mn 4+ , and the satellite peak observed at ϳ654 eV are in agreement with the literature values. 27, 28 Figure 5c indicates the XPS spectra of Fe 2p. The binding energy peak located at ϳ711 eV, which can be attributed to Fe 3+ , and the satellite peak observed at ϳ725 eV are in agreement with that of Hernan et al. 29 Furthermore, the binding energy O 1s is located at ϳ529.8 eV ͑Fig. 5d͒ and C 1s binding energy is observed at ϳ285 eV in the present XPS measurements ͑Fig. 5e͒ originating from oxygen linked to Mn-O and Ni-O and Fe-O in the synthesized material.
Charge-discharge studies.-First charge-discharge cycle and cycling behavior of LiM 0.25 Ni 0.25 Mn 1.5 O 4 ͑M = Cr, Fe, and Co͒ calcined at 850°C are shown in Fig. 6a-c and 7a- In all cases, the dQ/dE curves depict a two-stage reaction in both the oxidative and reductive sides. These correspond to the redox reactions of two cationic dopants. It is evident from the figures that in the case of the Fe/Ni couple, the reaction proceeds in an orderly way. The peak potentials and the intensity corresponding to the oxidation and reduction process are equally prospective, indicating that the reactions are of first order in nature. There is no shift in peak potentials observed for both the lithium insertion and extraction process, corroborating the fact that the structural environment for the lithium-ion transit is more congenial and efficient, further establishing the fact that LiFe 0. 25 Fig. 9 . As observed, no peak is ϳ3 V and it can be said that no manganese is present in the 3 + state 32 in the synthesized material. It is clear from the figure that the two major oxidation peaks are observed at around 4.1 and 4.8 V, and the two major reduction peaks are observed at around 3.95 and 4.55 V, respectively, and this is representative of the lithium deintercalation and reintercalation processes. These peaks are also signatures of cubic spinel compounds and indicate perfect reversibility. The peaks at ϳ4.1 V could be assigned to electrochemical oxidation of manganese ions, and the peaks at ϳ4.8 V could be assignable to oxidation of Ni and Fe. Similarly, the two peaks observed around 3.9 and 4.6 V indicate the reduction processes of manganese and doped ions.
Conclusions
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